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INTRODUCTION. 
Recent investigations of the physicochemical properties of proteins 
have  established  the  fact  that  proteins  are  amphoteric  electrolytes 
which can give rise to both positive and negative protein ions.  The 
positive  protein ions  may  combine with  negative  acid  ions  to  give 
rise to protein-acid salts, while the negative protein ions may combine 
with positive metal ions forming metal-protein salts.  The formation 
of one or the other protein product depends on the pH of the aqueous 
solution of protein,  since  the pH  determines the number of positive 
and negative protein ions in solution, and whether the positive or the 
negative ions  are  in  excess.  At  a  definite pH  for  every individual 
protein, called the isoelectric point, the number of positive protein ions 
equals the number of negative protein ions and the protein then does 
not  combine either  with  acids  or  with  bases.  The  total  degree  of 
ionization of the protein at this pH is shown  ~ to be a minimum, and 
the protein may be said to be almost non-ionogenic. 
Thus it is possible  to  say  that protein  can  occur in  three  states, 
which are  defined by their hydrogen ion concentrations; namely,  (a) 
as non-ionogenic or isoelectric protein, (b) as protein-acid salt, such as 
protein chloride, protein sulfate, etc., and (c) as the metal salt of pro- 
tein, such as sodium or calcium proteinate. 
* Parts I  and II, J. Gen. Physiol., 1922-23, v, 665, 693. 
1 Michaelis,  L.,  Die  Wasserstofl~onenkonzentration,  Berlin, 2nd edition,  1922, 
i,  57. 
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The effect of various electrolytes on the physicochemical properties 
of proteins varies with the state in which the protein  exists--whether 
it is isoelectric or whether it exists in one of the other two states.  In 
general  it is possible  to say that  the  relation  between proteins  and 
ordinary electrolytes depends on the electrical charge of those protein 
ions which are in excess.  This is especially true when we are dealing 
with  those physicochemical properties which  are regulated  by Don- 
nan's law of membrane equilibria, such as osmotic pressure, membrane 
potentials,  and  swelling.  Salts  in  general  have  little  effect on  the 
physicochemical  properties  of  isoelectric  protein,  as  was  shown 
repeatedly by Loeb  ~ in his former work, while the addition of a salt to 
a solution of protein which exists in one of the other two states causes a 
depression in the magnitude of such phenomena as osmotic pressure, 
swelling, etc.  But the amount of depression varies with the state of 
the protein  and  the character  of the ions of the added salt.  It has 
been generally established by Loeb that when an electrolyte, such as 
a neutral salt, is added to an aqueous solution of protein,  of the two 
kinds of ions into which the salt is ionized, only those ions which carry 
a  charge opposite to that carried by the majority of the protein ions 
have  any influence  on  the above mentioned  properties  of proteins. 
This is "also true with respect to acids or bases, except that an acid or 
base may change the pH of the protein and thus produce a change in 
the degree of ionization of the protein or even a change in the state in 
which the protein exists, i.e.  changing it, for example, from isoelectric 
protein to a protein-acid salt in one case or to a metal-protein salt in 
the other case. 
Another factor which influences the depressing effect of salts on the 
said physicochemical properties  of proteins  is  the  valency  of  those 
ions which carry opposite charges to those of the protein ions.  It was 
found that the higher their valency the more effective are those ions 
in  causing  a  depression  in  the  magnitude  of  the  above mentioned 
properties of proteins.  Thus it was found in the second publication 
of this series that when salts were added to gelatin chloride--where the 
gelatin  ions were positively charged--of  the various salts  used only 
those salts that contained anions of the same valency exerted an identi- 
2 Loeb, J., Proteins and the theory of colloidal behavior, New York and London, 
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cal influence on the osmotic pressure, P.D., and swelling of gelatin no 
matter what the valency of the cations was; while  salts  containing 
the same kind of cations but anions of various valencies exerted influ- 
ences in agreement with the valencies of the anions. 
The following work is an extensive study of the effect of various 
salts on the same properties of protein when the protein exists in the 
state  of a  sodium-protein salt.  It was  thought desirable to under- 
take this study not only in order to make the investigation more com- 
plete, but also because of the importance of this phase of the problem 
from the physiological point of view, since the proteins existing in the 
mammalian organism are in most cases found as metal-protein salts 
such  as  sodium,  potassium,  or  calcium  salts.  Gelatin  was  again 
selected as  the most convenient protein for an investigation  of the 
type dealt with in this paper, since it is easily obtained in the market 
in powdered form and can readily be made salt-free.  Besides, gelatin 
shows better than any other protein such a  "colloidal" behavior as 
swelling, which is one of the properties dealt with in this study. 
Effect of Salts on the Osmotic Pressure  of Sodium Gdatinate. 
The general method described in the first paper for measuring the 
osmotic pressure was also used in this work except for the extra pre- 
cautions which had to be taken in order to prevent the access of CO~ 
from the air to the solutions during the experiment. 
It was preferred to use gelatin of pH  11.0,  since it was found by 
Loeb  3 that gelatin gives in the neighborhood of this pH its maximum 
of osmotic pressure.  Besides, gelatin of pH 11.0 as well as salt solu- 
tions of the same pH  are less liable,  in  the absence of other buffer 
solution,  to change their pH through slight contamination with C0~ 
than at a lower pH.  On the other hand, gelatin of a pH higher than 
11.0  becomes rapidly hydrolyzed and  decomposed.  There was  no 
difficulty in bringing all  the salts used for this  study to pH  11.0 by 
means of Na0H solution.  In  most  cases  they required practically 
the same amount of Na0H as it was necessary to add to pure distilled 
water in order to bring it to pH 11.0,  which shows that at pH  11.0 
all  salts  cease to act like buffers. 
3 Loeb, J., y. Gen. Physiol., 1920-21, iii,  85, 547. 550  COLLOIDAL  BEHAVIOR  OF PROTEINS.  Ill 
A stock of a concentrated solution of isoelectric gdatin was prepared 
from Cooper's non-bleached powdered gelatin by the method described 
by Loeb  ~ except that the gelatin, after it had been soaked for 1 hour in 
cold ~/128 acetic acid, was washed with cold H~O of pH 4,7, as sug- 
gested by A. M. Field. 4  The washed gelatin was melted and its con- 
centration  (13.5 per cent)  was determined by evaporating  a  definite 
volume of it in an electric oven at  100°C.  for 24 hours.  The  stock 
solution of isoelectric gelatin was distributed into  a number of small 
Pyrex flasks,  each  flask  containing  enough  of  the  isoelectric gelatin 
for a series of about fifteen solutions.  This was done in order to avoid 
the  necessity of reheating  repeatedly  the  same  gelatin  as would be 
the  case if the  total  stock were kept in  a  single vessel.  The  flasks 
were stored in a refrigerator at about 3°C.  When an experiment was 
made,  a  single  flask  containing  the  concentrated  isoelectric  gelatin 
was then removed from the refrigerator and the gelatin was liquefied 
by immersing the flask in warm water of not higher than 50°C. until 
the gelatin  became very fluid.  The  gelatin was then made up  to a 
2 per cent solution of pH 11.0 through addition of H~O and the neces- 
sary amount of NaOH.  This happened  to be 16 cc. of 0.1 N NaOH 
per  100 cc. of 2 per cent gelatin  solution, as determined  by electro- 
metric titration. 
A ser~es of solutions of 50 cc. each of various concentrations of the 
salt to be used was prepared by bringing a half molar solution of the 
salt to pH 11.0 by means of NaOH and then diluting it to the various 
dilutions by means of H~O of pH  11.0.  These solutions were mixed 
with equal volumes of the 2 per cent gelatin solution of pH 11.0, thus 
giving  a  series  of  1 per  cent solutions  of gelatin  containing  various 
concentrations of a  salt of the same pH.  These solutions were used 
as the inside solutions (inside of collodion membranes) for the osmotic 
pressure measurements. 
For the outside solutions a  series of salt solutions of 450 cc.  each 
was made up in the same way as that of the inside solutions, except 
that no gelatin was added to the outside solutions.  The  concentra- 
tion of salt in each outside solution was made identical with the con- 
centration of salt in the corresponding inside solution; also the pH was 
4 Field, A. M., J. Am. Chem. Soc., 1921, xliii, 667. M.  KUNITZ  ~51 
identical in  both  cases.  In  order to  eliminate CO2  contamination, 
the outside solutions were poured into 500 cc. wide neck Pyrex Erlen- 
meyer flasks,  provided  with  two-hole  rubber  stoppers.  One  hole 
served for the passage of the manometer tube while the other hole was 
fitted with a  soda-lime tube.  The top  of the manometer tube was 
also  closed by means  of  a  soda-lime  tube.  The  experiments were 
performed in a constant temperature water bath at 24°C.  The maxi- 
mum height of osmotic pressure was usually reached in about 6 hours, 
but the experiment was allowed to proceed for 11  hours in order to 
insure  complete equilibrium.  The  given  data  were  taken  after  11 
hours in each case. 
The various salts whose depressing effect on the osmotic pressure of 
sodium gelatinate of pH  11.0 was studied consisted of the following 
groups. 
(a)  Sodium  salts  containing  various  univalent  anions;  namely, 
NaC1, NaBr, NaI, NaNO,, NaCNS, Na acetate. 
(b)  Sodium  salts  containing anions  of  valencies  higher than  1, 
such as NasSO4, Na2 tartrate, Na2 oxalate, Na3 citrate, Na~Fe(CN)6. 
(c)  Chloride salts containing univalent cations, such as NaC1, KC1, 
LiCh 
(d)  Chloride salts  containing divalent cations, such as  CaC12 and 
BaC1,. 
Salts  with  cations  of a  valency higher  than  2  are  insoluble  in 
an alkaline solution and naturally could not be used in this study. 
The effects of the various salts on the osmotic pressure of Na gelat- 
inate are plotted in Figs. 1 to 3.  They show that all salts of a univa- 
lent cation exert the same depressing effect on the osmotic pressure of 
the  gelatin  for  equivalent  concentrations of  the  cations  no  matter 
what the chemical nature of these cations, as long as they are all of 
the same  valency, and no matter what the nature or even valency of 
the anions. 
Thus all the salts of Groups (a), (b), and (c) exert the same influence 
for equivalent concentrations of the cation. 
But when the effect produced by the salts of these groups is com- 
pared with the effect produced by the salts of Group (d), such as CaCI~ 
and BaC12, it is readily seen that these last salts depress the osmotic 
pressure of Na  gelatinate  to  a  considerably greater extent than  all 552  COLLOIDAL  BEHAVIOR  OF PROTEINS.  HI 
other salts with univalent cations.  These experiments prove with- 
out any doubt that only the cations, i.e. those ions which carry positive 
charges as opposed to the negative chargescarried by the gelatin ions, 
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FIG.  1.  Depressing effect  of various sodium salts with monovalent anions on 
osmotic pressure of sodium gelatinate. M.  KUNITZ  ~3 
affect the osmotic pressure of the protein, and that for the same con- 
centration of various salts the effect is greater the greater the number 
of charges carried by the cations, i.e. the greater the valency. 
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As the plotted curves show, the greatest rate of drop is in the lowest 
concentrations while in the higher concentrations the curves become 
asymptotic.  Owing to technical difficulties it was almost impossible 
to take correct readings in the case of concentrations of salts higher 
than  M/4, the  height of  the  liquid  in  the manometer tubes  being 
obscured by the rubber stoppers of the  Erlenmeyer flasks.  But  as 
the flatness of the  curves in  the region  of  the  high  concentrations 
shows, not much change in the results could be expected by going a 
few concentrations higher. 
Membrane Potentials. 
Membrane potential  measurements give  a  convenient  and  exact 
method for determining the effect of salts on those physicochemical 
properties of proteins which are regulated by Donnan's law of mem- 
brane equilibria.  This law proves mathematically the fact that the 
addition of increasing amounts of ions which carry opposite  charges 
to those of the protein ions have generally the effect of depressing the 
magnitude of the potential  difference existing  between the protein 
and the surrounding medium as well as a gradual depression of osmotic 
pressure, swelling, and a certain type of viscosity.  The mathematical 
proof is  developed fully by Loeb,  ~ and  Michaelis.  5  In general, the 
curves for membrane potentials  run parallel  to  curves representing 
the other physicochemical properties of protein which are related to 
the membrane equilibrium law.  Hence a study of membrane poten- 
tials by itself may give a clear idea of the general colloidal behavior of 
salts toward proteins. 
The determination of the effect of salts on the membrane potentials 
of sodium gelatinate was done on the same series of experiments that 
had been used for osmotic pressure determinations.  The method of 
measuring the membrane potentials is the same as referred to in the 
first paper of this series.  Tables I to III show clearly that with respect 
to  the depression of the potential  difference existing at equilibrium 
between protein solutions inside of collodion membranes and protein- 
free salt solutions outside of the membranes there is no difference to 
be found in the action of various anions of various valencies as long as 
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the valency of the cations remains the same.  Salts containing  diva- 
lent  cations such  as  Ca  ++  or Ba  ++  depress  the  potential  differences 
much  faster  with  increase  in  concentration  of  the  added  salt  than 
TABLE  I. 
Influence  of  Sodium  Salts  Containing  Various  Univalent Anions on Membrane 
Potentials of Sodium Gelatinate of ptt 11.0. 
The  inside  gelatin  solution  is in  all cases negative  towards  the outside  solution. 
NaC1 ................... 
NaBr ................... 
NaI .................... 
NAN03 ................. 
NaCNS ................. 
Na acetate .............. 
Equivalent  concentrations. 
P.D. in mUlivolts. 
21.021.0119.5117.5113.5110.0  ] 5.5 
35  2  105  100 
4.5  4.0  .  1.5 
0.5  0.5 
4.0  2  1.0  0  '24.0]21.5119.5[18.0114.0110.0]  8.5  2.0 
4.0  1.0  24.0]21.0[20.5[15.5[12.0[  9.51  6.0  2:5 
23.0120.0118.5j14.5[11.01  9.01  5.5  3.0  1.5  0 
5  1.3  1.0  1.3  23.520.518.5116.0112.0  9.01 5.53.52  1.3  1.0 
22.520.5  18.5 14.5 13.5  8.5  21  0.5 
TABLE  II. 
Influence of Sodium Salts  Containing  Anions of Various  Valencies on Membrane 
Potentials  of Sodium Gelatinate of pH 11.0. 
Equivalent concentrations. 
P.D.  in millivolts. 
NaC1 ....................  21.021.0  19.5 17 
Na~SO4 ..................  21.5121.5 19.5 16 
Na~ tartrate ..............  22.5 20.5 18.5 16 
Na~ oxalate ..............  23.0 22.0119.5[15 
Nas citrate ...............  24.0 22.5 19.5[16 
Na4Fe(CN) 6 ..............  22.5 22.0 20.0 16 
.5[12.5['5111"5['5113"5110018.519"0[  4.55"05"05"54.03.03.02.52.02.021.81.81.5"01111015!  0.501.50 0.501.0"5 
01130 [ 8515.5  0  1.0 
.012.0  8.0 t 4.5  2.5  1.5  1  0.5 I 
.510.0  8.5  1  0.5  0 
salts with univalent  cations.  The results could be made even more 
striking by using sodium gelatinate  of a lower pH than  11 where the 
potential  difference between  the  gelatin  and  the  outside solution is ~.  l~Vmzz  557 
considerably greater  than  at pH  11.0;  but other difficulties would 
come in,  such  as  the  instability  of  the pH  as  referred  to  earlier. 
Another way of amplifying the results would be to use gelatin of high 
concentration,  but  then  higher  temperatures  would  have  to  be 
employed in order to prevent solidification.  But even as the experi- 
ments for the P.9. measurement stand, the results are clear enough to 
dispel any doubt in the validity of the valency rule of the effect of 
ions on the mentioned property of proteins. 
Effect of Salts on the Depression of Swelling of Sodium Gdatlnate. 
The general theory of swelling is discussed in detail in the first paper 
of this series.  There it is also indicated that it was found advantage- 
ous to use powdered gelatin for swelling experiments instead of large 
blocks.  In the case of blocks of gelatin it takes several days until 
equilibrium is established and in the meantime some of the gelatin 
dissolves or decomposes.  The solubility effect is not related to the 
phenomena discussed in this paper and it varies with the kind of salt 
used.  If powdered gelatin is used, the swelling equilibrium is estab- 
lished almost within 1 hour, and, if the experiments are conducted at a 
temperature not higher than 15°C., the solubility as well as hydrolysis 
can  be  reduced  to  a  minimum.  Another  advantage  of  using 
powdered gelatin instead of blocks of gelatin is that whenever consider- 
able solution of the gelatin does take place it will show itself imme- 
diately by the  fact that the semidissolved gelatin granules will not 
permit the perfusion of the supematant liquid through the mass of 
the gelatin, and the supernatant liquid cannot then be removed by 
filtration. 
Gelatin particles of a definite size of grain, namely particles which 
went through a sieve with a mesh of 1/30 but not through a sieve with 
1/60 of an inch, were brought to the isoelectric point and then without 
melting were kept in the refrigerator as a stock material for the follow- 
ing experiments.  Equal amounts of 6.3 gin. each of the stock gelatin, 
each containing exactly 1 gin. dry weight of isoelectric gelatin were 
put into beakers and allowed to stand for about 18 hours in a moist 
chamber at 15°C.  These were then added each to 150 cc. of various 
salt  solutions of  15°C.  All  the salt  solutions that were used were 558  COLLOIDAL  BEHAVIOR  OF PROTEINS.  III 
made up in 0.01  N NaOH as it had been found by trial  that  1 gm. 
of powdered isoelectric gelatin had at equilibrium a pH of about 11.0 
when it was put into  150  cc.  of 0.01  N NaOH.  The  pH of 0.01  N 
NaOH was found not to be affected materially by the addition of the 
various salts that were used. 
It was thought desirable to change in these swelling experiments the 
system in which series of experiments were performed; namely, instead 
of working simultaneously with a series of solutions of various dilutions 
of one salt it  was  thought  preferable to employ a series consisting of 
all  the  salts  tried  but  all  of  an  identical  equivalent  concentration. 
TABLE  III. 
Influence of Salts  Containing Various  Cations on Membrane Potentials of Sodium 
Gelatinate of pH 11.0. 
Equivalent concentrations. 
o  N  N  ~  N 
P.D. in millivolts. 
(a)  Salts with univalent 
cations. 
NaCI ................  21 .{3 21.0 
KC1 .................  25 .C 23.0 
LiC1 .................  24.C  22.5 
(b)  Salts with bivalent 
cations. 
CaC12 ...............  22.5  19.5 
BaCI~ ...............  24.5  21.5 
19.5 17.5  13.510.0  5.5] 
19.5 17.5  15.0110.0[  6.51 
20.018.  14.5  ] s.o! 
I 
18.014£  9.5[  6.0]  2.5 
16.0 14.5  10.5 /  6.5 /  4.0 
4.0  2.0  1.~ 
3.5  22100 1., 
4.0  1 .q 
1.5  1.0  0 
2.0  0.5  0 
0.5  0.5 
1.0  0.5 
0.5  0.5 
0  0 
0  0 
Thus in Table IV, Experiment  1 consisted of solutions of an  equiva- 
lent strength of N/2 of all  the  salts used,  Experiment  2  consisted of 
N/4 of all the salts used, and so on.  All the solutions of each series 
were used simultaneously and  treated exactly alike.  This was done 
in order to eliminate any errors due to slight changes in temperature, 
or differences in stirring,  filtering,  etc.  A  control solution consisting 
of N/100 NaOH without salt was used with each  series.  The gelatin 
was allowed to stand in the solution with frequent stirring for 2 hours 
at 15°C.  The gelatin was then removed from the outside solution by 
filtration  through  cotton wool in  weighed  funnels.  The  liquid  was M.  KUNITZ  559 
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allowed to drain off completely and the weight of gelatin was deter- 
mined.  Table IV gives the results of the various experiments.  It is 
well to mention that the values for the weight of gelatin in the concen- 
trations of salts higher than N/4 are a little too high due to the increase 
in  the salt content of the gelatin.  This amounts to an error in the 
highest concentrations used of about 1 gin., especially in the case of 
salts of high molecular weight such as NaBr, NaI, BaC12. 
Clear cases of rapid solution of the gelatin were found in experi- 
ments with concentrations above N/8 of the following salts;  namely, 
NaI,  NaCNS,  BaCI~,  in which the supernatant liquid  could not be 
entirely removed by filtration.  The weights obtained in these experi- 
ments indicate not only the weight of the gelatin but also the weight 
of a  large portion  of the  supernatant liquid.  Another irregularity 
was shown in the case of high concentrations of Na3 citrate where a 
rapid drying and dehydration of the gelatin occurred similar to the 
action  of alcohol on gelatin.  But in concentrations lower than N/4 
no cases of solubility were observed and no difficulty was experienced 
in removing the last drop of supernatant solution from the gelatin. 
Still, allowance has to be made for the liquid adhering to the enormous 
surface of the grains of gelatin and hence there is always a slight varia- 
tion in the weight of the gelatin even in the control experiment.  But 
this variation never exceeds a value of 4-  1.5 gm. of the average value 
of 27.3  gin.  for the control experiment.  A  detailed examination of 
the tabulated results as well as of the curves in Figs. 4 to 6 shows that 
the same rules that regulate the effect of ions on the osmotic pressure 
and the membrane potentials of sodium gelatinate hold also for the 
effect of ions on the typical colloidal property of gelatin; namely, on 
swelling.  Thus, salts containing bivalent cations depress the swelling 
of the gelatin to a considerably greater extent than all other salts con- 
taining univalent cations.  The anions  appear  to have no effect on 
the swelling no matter what their valency is.  Cations of the same 
valency produced almost identical effects. 
This holds true as long as we are dealing with the phenomenon of 
pure swelling.  But as soon as other phenomena enter which do not 
depend on ionic  activity,  as  for  example solubility,  then  the  rules 
derived from Donnan's law of membrane equilibria cannot be applied. 
This is what happens when salts in concentrations higher than N/4 5.  K~r~ITZ  561 
are added to gelatin.  There we are dealing not only with swelling of 
gelatin but also with cases of rapid solubility.  Hence it is clear that 
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swelling of sodium gelatinate. 
at  the higher concentrations of salts  the valency rule  of ion effect 
c~nnot be applied as dearly as in the case of salt solutions of concen- 562  COLLOIDAL  BEI{AVIOR  OF PROTEINS.  III 
trations lower than N/4.  This fact does not detract from the correct- 
ness of the valency rule for explaining the relation between salts and 
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FIG. 5.  The valency of the anions does not influence  the depressing effect of 
sodium salts on the swelling of sodium gclatinate. 
proteins, cspccially if it is remembered that very seldom physiological 
liquids  are met with a  salt content highcr  than N/4.  As long as wc 5.  KUmTZ  563 
are dealing with the pure phenomenon of swelling, the valency rule 
can be applied as truly as in the case of osmotic pressure or membrane 
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FIG. 6.  The effect of the valency of the cations on the influence of salts on swell- 
ing of sodium gelatinate. 
potentials.  The claim of a number of authors that not only the va- 
lency but also the chemical nature of the various ions affect the swell- 564  COLLOIDAL  BEHAVIOR  OF  PROTEINS.  III 
ing of protein, and also the claim of other authors that some salts not 
only do not depress the swelling but even raise the swelling of some 
proteins certainly do not apply in the range of concentrations used in 
these experiments. 
SUMMARY. 
A detailed  study was made on the  influence  of  salts  on those  physico- 
chemical properties of sodium gclatinate  which are regulated by Don- 
nan's law of membranc  equilibria;  namely, osmotic pressure,  mem- 
brane potentials, and swclling.  It was found that the influence of 
salts on these properties in the case of sodium gelatinate obeys the 
same rules  of  valency as in the case of the influencc  of salts  on gelatin 
chloride as discussed in a previous publication.  The rules  state that 
when a salt  is  added to an ionized  protein,  without causing a change in 
the hydrogen ion concentration of the protein, the gcncral cffcct  is a 
depression of the mentioned  properties.  The degree of depression 
depcnds not only on the concentration of the salt  but on thc clcctrical 
properties of the ions constituting the salt.  Of thc two or more 
oppositely charged ions of which a salt  consists,  only thc valency of 
those ions which carry charges opposite to those carried by the protein 
ions affects the degree of depression which increases with the valency 
of the ions. 
It was also found that the phenomenon  of swelling of gelatin becomes 
modified by solubility of the gelatin when salts are added in concentra- 
tions higher than N/4.  Emphasis is laid on the point that the valency 
rule holds perfectly also in relation to swelling as long as the phenome- 
non is pure swelling which is the case when salt solutions of concentra- 
tions lower than N/4 are added to gelatin. 
The writer expresses his indebtedness to Dr. Jacques Loeb under 
whose direction this work was carried out. 